The Crumbs (Crb) complex, formed by Crb, PALS1, and PATJ, is evolutionarily conserved in metazoans and acts as a master cellgrowth and -polarity regulator at the apical membranes in polarized epithelia. Crb intracellular functions, including its direct binding to PALS1, are mediated by Crb's highly conserved 37-residue cytoplasmic tail. However, the mechanistic basis governing the highly specific Crb-PALS1 complex formation is unclear, as reported interaction between the Crb tail (Crb-CT) and PALS1 PSD-95/DLG/ZO-1 (PDZ) domain is weak and promiscuous. Here we have discovered that the PDZ-Src homolgy 3 (SH3)-Guanylate kinase (GK) tandem of PALS1 binds to Crb-CT with a dissociation constant of 70 nM, which is ∼100-fold stronger than the PALS1 PDZ-Crb-CT interaction. The crystal structure of the PALS1 PDZ-SH3-GK-Crb-CT complex reveals that PDZ-SH3-GK forms a structural supramodule with all three domains contributing to the tight binding to Crb. Mutations disrupting the tertiary interactions of the PDZ-SH3-GK supramodule weaken the PALS1-Crb interaction and compromise PALS1-mediated polarity establishment in MadinDarby canine kidney (MDCK) cysts. We further show that specific target binding of other members of membrane-associated guanylate kinases (MAGUKs) (e.g., CASK binding to neurexin) also requires the presence of their PDZ-SH3-GK tandems.
principal property of epithelial cells is their apical-basal polarity, which contributes to cell morphology, directional vesicle transportation, and specific localization of proteins and lipids (1) (2) (3) . The establishment and maintenance of apical-basal cell polarity is governed by several sets of highly conserved protein complexes collectively referred to as polarity complexes (1) (2) (3) (4) . Extensive genetic and cell biology investigations in the last two decades have identified three protein complexes, namely the Crb-PALS1-PATJ complex, PAR3-PAR6-aPKC complex, and DLG-LGL-Scribble complex, as the principal cell-polarity regulators (5-10), although direct evidence supporting formation of the DLG-LGL-Scribble tripartite complex at the biochemical level is lacking. These complexes act cooperatively in defining the apical-basal border and maintaining the apical-basal axis of epithelia in diverse tissues. Among these complexes, only Crb is a transmembrane protein and known as a determinant of apicalbasal cell polarity in most epithelial cells (11) (12) (13) . In early Drosophila embryos, dysfunction mutations of Crb lead to the loss of apical-membrane identity, and overexpression of Crb causes expansion of apical-membrane size at the expense of basolateral membranes (14, 15) . Recently, Crb has also been identified as controlling cell growth by functioning as an upstream regulator of the Hippo pathway (16) (17) (18) .
As a type I transmembrane protein, Crb is composed of an extracellular region, a transmembrane domain, and a 37-residue highly conserved cytoplasmic tail (Crb-CT; Fig. 1A ), which contains a protein 4.1/Ezrin/Radixin/Moesin (FERM)-binding motif (FBM), a PSD-95/DLG/ZO-1 (PDZ)-binding motif (PBM), and a potential aPKC phosphorylation site (19) (20) (21) (22) . In certain tissues, expression of transmembrane domain-tethered Crb-CT alone can rescue the crb mutant phenotype similar to that of full-length Crb (15, 19) , indicating that the cytoplasmic tail plays a crucial role for the functions of Crb. A Drosophila Crb allele, crb
8F105
, encoding a mutant protein that retains FBM but lacks the C-terminal 23 amino acids, develops similar embryonic defects as the Crb null allele (14, 20) , pointing to the determinant role of the C-terminal PBM-containing sequence of Crb in embryonic development.
The formation of the Crb complex requires direct and specific interaction between Crb-CT and PALS1 (Stardust in Drosophila) (23) (24) (25) (26) . It is well-established that both the extreme C-terminal PBM of Crb-CT (i.e., the "ERLI" sequence) and the PALS1 PDZ domain are required for the Crb-PALS1 interaction (23) . However, both large-scale, systematic PDZ-target interaction screening studies (27, 28) and many individual studies (ref. 29 and references therein) have shown that interactions between an isolated PDZ domain and a short PBM sequence of 4-10 residues are often weak (K d of a few to tens micromolar) and have low specificity. This is also true for the Crb-CT and PALS1-PDZ, as we demonstrate in this study. Such promiscuous PDZ-target interactions are at odds with highly specific cellular functions known for many PDZ domain proteins as well as their binding targets, including the Crb-PALS1 interaction (23, 24, 30 ). An
Significance
The Crumbs-PALS1-PATJ complex is vital for the development and maintenance of the polarity of diverse tissues. Defects in Crumbs-PALS1-PATJ complex formation are known to cause diseases such as cancer and blindness. The highly conserved cytoplasmic tail of the transmembrane protein Crumbs is responsible for the apical targeting of the Crumbs-PALS1-PATJ complex. However, the molecular basis governing the formation of the highly specific Crumbs-PALS1 complex is poorly understood. We discovered that the PDZ-SH3-GK tandem of PALS1 forms a structural supramodule interacting with the large part of the Crumbs tail with high affinity and specificity, supporting the apical-basal polarity of epithelial cells. Our work suggests that formation of the PDZ-SH3-GK supramodule is a general property of MAGUKs for recognizing specific targets. emerging theme is that many PDZ domains can "collaborate" with their extension sequences at the two termini (referred to as PDZ extensions) or their neighboring domain(s) (i.e., forming so-called PDZ supramodules) to establish their highly specific target-binding capacities (29) . It has been shown that either a single point mutation in the SH3 domain or deletion of both the SH3 and GK domains of PALS1 compromises PALS1-mediated polarization of MDCK cells (31) , although the underlying mechanism is unclear.
Given the paramount roles of both Crb and PALS1 in cell polarity and growth in diverse tissues, here we investigated the mechanistic basis governing the specific interaction between these two proteins. We show that the PDZ-SH3-GK (PSG) tandem of PALS1 binds to Crb-CT with ∼100-fold higher affinity than the PDZ domain alone. The structure of the PALS1-PSG-Crb-CT complex provides an atomic picture explaining the exquisitely specific PALS1-Crb interaction afforded by the PSG supramodule. Tempering the PSG supramodule conformation impairs PALS1-mediated cell-polarity establishment. We further show that formation of the PSG supramodule may be a general mechanism for forming highly specific MAGUK-target complexes.
Results
PALS1-PSG but Not the Isolated PDZ Domain Binds to Crb-CT with High Affinity. We first verified the PALS1-Crb-CT interaction using highly purified recombinant proteins. Analytical gel filtration chromatography and a quantitative binding assay showed that Crb-CT binds to PALS1-PDZ with a K d of ∼6.0 μM (Fig. 1 B  and D) , an affinity unlikely to support the highly specific Crb-PALS1 complex formation. Interestingly, Crb-CT binds to PALS1-PSG with a K d of ∼0.07 μM (Fig. 1 C and E) , which is about 100-fold stronger than the isolated PALS1-PDZ. The binding affinity between PALS1-PSG and Crb-CT is also much stronger than the vast majority of reported interactions between PBMs and isolated PDZ domains (ref. 29 and references therein), thus pointing to a biochemical basis for the formation of the specific Crb-PALS1 complex required for cell polarity.
Overall Structure of the PALS1-PSG-Crb-CT Complex. To understand the molecular basis governing the specific PALS1-Crb interaction, we solved the structure of PALS1-PSG in complex with Crb-CT by X-ray crystallography. The PALS1-PSG used for the crystallization contains a deletion of a 50-residue HOOK region (residues 411-460) connecting the SH3 and GK domains ( Fig. S1 ) to obtain complex crystals with high diffraction qualities, and the deletion has a minimal impact on Crb-CT binding (K d of ∼0.12 μM). The crystal structure of the PALS1-PSG-Crb-CT complex was solved by single-wavelength anomalous dispersion using Se-Met derivatives and subsequently refined against a 2.95-Å native dataset (Table 1) . Each asymmetric unit of the crystal contains two PALS1-PSG-Crb-CT complexes with essentially identical conformations (rmsd of 0.9 Å). The two PALS1-PSG-Crb-CT heterodimers interact with each other and are related by twofold symmetry. The last 17 residues of Crb-CT are clearly defined (Fig. S2) . In each heterodimer, two distinct segments of the 17-residue Crb-CT bind to two separate sites of PALS1-PSG ( Fig. 2A) . The PBM binds to a channel formed by the extensively interacting PDZ and SH3 domains (Fig. 2B) . Unexpectedly, an 8-residue fragment located between −9 and −16 of Crb-CT binds to the GK domain of PSG. To accommodate the short spacing between the two binding segments of Crb-CT, PALS1-PSG forms a U-shaped architecture with the tightly coupled PDZ and SH3 domains forming one arm and the GK domain forming the other, with minimal direct interaction between the two arms (i.e., little direct interaction between GK and PDZ/SH3). As observed in the SH3-GK tandem of DLGs (32), the flanking sequences of the GK domain form a pair of β-strands (pale green in Fig. 2 A and D), complementing and extending the SH3 domain. However, instead of bridging the SH3 and GK domains of DLGs intramolecularly, the pair of β-strands connects the SH3 core (green) and GK domain (light orange) from the two neighboring PSG molecules ( Fig. 2 C and  D) . We note that the PALS1-PSG is a monomer in solution, indicating that the PALS1-PSG homodimer formed in the crystal may be induced by the binding of Crb-CT. A similar intermolecular interaction between SH3 and GK in MAGUKs has also been observed in DLG family MAGUKs (32, 33) . The interdomain flexibility between the SH3 and GK domains has also been implicated by orientation differences between the two domains observed in the structures of different MAGUK SH3-GK tandems (32) (33) (34) (35) . Given the very few conformational restraints between the two conformers, PALS1-PSG (and possibly other MAGUK PSG tandems) may assume either the U shape or the shape of elongated conformers depending on its ligand-binding status.
The Binding of Crb-PBM to PALS1-PSG Involves Both the PDZ and SH3 Domains. Our complex structure reveals that the four strictly conserved Crb-PBM residues ("ERLI") form a short β-strand that fits snuggly into a semiclosed channel formed by PDZ and SH3 of PSG (Figs. 2B and 3B). Every residue of Crb-PBM is intimately involved in binding to PDZ and/or SH3 of PALS1-PSG (Fig. 3A) . As in the canonical PDZ-PBM interactions, the very last residue of Crb, I(0), deeply inserts its side chain into the hydrophobic pocket of PALS1-PDZ, with its carboxyl group forming hydrogen bonds with the backbone of the GLGF loop. Importantly, the SH3 domain is also extensively involved in binding to the residues in , together with P266, T270, and V284 from the PDZ domain, form an additional hydrophobic pocket for L(−1). E368
SH3 forms a hydrogen bond with the backbone of the PBM and also interacts with the side chain of R(−2), which is in turn sandwiched by F318 and N315 in αA of the PDZ domain. E(−3) of Crb-PBM forms a pair of buried salt bridges with R282 PDZ and a buried hydrogen bond with T270 PDZ . The Crb-PBM-PALS1-PSG interaction is further strengthened by hydrogen bonds formed between atoms from the backbone of Crb-PBM and from backbones of PDZ βB and the βA′/B′ loop of SH3 (Fig. 3A) . Thus, through the extensive interaction with both the PDZ and SH3 domains by using each of the four residues, Crb-PBM shows a very strong and specific interaction with PALS1-PSG, largely explaining why the PDZ domain alone is not sufficient to achieve high-affinity binding. The side chains of F318 PDZ and E368 SH3 embrace and thus partially bury Crb-PBM (Fig. 2 B and C) . Consistently, substitution of F318 PDZ with Ala weakens the binding by ∼20-fold (Fig. 3C) . The above structural analysis provides a clear mechanistic explanation for the indispensable roles of both the SH3 and PDZ domains of PALS1 in binding to Crb.
Based on the above analysis, we hypothesized that tempering of the coupling between the SH3 and PDZ domains would impair the PALS1-PSG-Crb-CT interaction. To test this hypothesis, we substituted Asp386 with Lys and tested the mutant PALS1-PSG in binding to Crb-CT. Because Asp386 SH3 and Arg282
PDZ form a pair of salt bridges that are away from the Crb-PBM-binding channel (Fig. 3D) , the dramatically decreased binding of Crb-CT to D386K-PASL1-PSG likely results from the mutation-induced impairment of the SH3-PDZ coupling (Fig. 3C) .
The GK Domain Enhances the Binding of PALS1 to Crb-CT. An unexpected finding in the structure of the PALS1-PSG-Crb-CT complex is that an 8-residue fragment upstream of the PBM [residues L(−9) to R(−16), termed the GBM] in Crb-CT directly binds to PALS1-GK (Fig. 4A) . Interestingly, the GK-GBM interaction mimics the phosphorylation-dependent target binding Numbers in parentheses represent the value for the highest resolution shell. *R merge = P jI i − I m j/ P I i , where I i is the intensity of the measured reflection and I m is the mean intensity of all symmetry-related reflections. † R cryst = ΣjjF obs j − jF calc jj/ΣjF obs j, where F obs and F calc are observed and calculated structure factors. R free = Σ T jjF obs j − jF calc jj/Σ T jF obs j, where T is a test dataset of about 5% of the total reflections randomly chosen and set aside before refinement. of DLG GK domains, such as the interaction between DLG1-GK and phosphor-LGN shown in Fig. 4B (36) . Similar to p-LGN, the PALS1-GK-bound GBM adopts a short helical conformation and employs E(−14) to mimic the p-Ser in LGN to interact with two highly conserved Arg residues (R516 and R519) in the GK domain. Additionally, D(−12) in the GBM forms a salt bridge with R496 GK . Deletion of the GK domain from PALS1-PSG decreased the binding of Crb-CT to PALS1 by ∼15-fold (Fig. 3C) . Nonetheless, the GK domain alone shows no detectable binding to Crb-CT (Fig. 3C) , indicating that the GK domain plays a supporting role in aiding the PDZ/SH3 domainmediated Crb-CT binding of PALS1-PSG. Supporting the above structural analysis, the binding between mammalian Crb3-CT and PALS1-PSG is a few-fold weaker than Crb1-CT or Drosophila Crb-CT (Fig. S3) , as the −14 residue in mammalian Crb3-CT is a Pro instead of a Glu (Fig. 3B) .
The PSG Tandem of PALS1 Is Essential for Proper Cystogenesis of
Madin-Darby Canine Kidney Cells. We next used Madin-Darby canine kidney (MDCK) cystogenesis as a model to test the role of the high-affinity interaction between PALS1 and Crb afforded by the PALS1-PSG supramodule. We generated stable cell lines each expressing siRNA-resistant wild-type PALS1 (WT-PALS1) and two of its mutants, PALS1-PDZ (PALS1 with the SH3-GK tandem deleted) and PALS1-D386K (full-length PALS1 with the PDZ-SH3 coupling impaired). Consistent with an earlier report (31) , lentivirusmediated knockdown of endogenous PALS1 is efficient (Fig. S4A) .
Exogenously expressed WT-PALS1 and PALS1-D386K mutant were at a comparable level, and PALS1-PDZ was at a higher level than WT-PALS1 (Fig. S4B) . Fitting with our structural analysis, 5 . PSG tandem of PALS1 is essential for its role in apical-basal cell polarity in MDCK cysts. (A) MDCK cells stably expressing the Venus-tagged wildtype PALS1 (WT), PALS1 mutant with the SH3-GK tandem deleted (PDZ), and PALS1 PDZ-SH3 uncoupling mutant (D386K) were cultured in Matrigel. Cysts were fixed and stained with rhodamine-conjugated phalloidin (red), anti-GFP antibody (green) against Venus, and DNA dye (blue), respectively. (B) Lentivirus-mediated knockdown of endogenous PALS1 (KD-PALS1) leads to defective cystogenesis, as indicated by the abnormal multilumen formation, and such defects can be rescued by expressing shRNA-resistant WT-PALS1 (top two panels). Knockdown of endogenous PALS1 led to more severe cystogenesis defects in cells stably expressing shRNA-resistant PALS1-PDZ or PALS1-D386K (bottom two panels). Control MDCK cells (Top) and MDCK cells stably expressing WT-PALS1, PALS1-PDZ, or PALS1-D386K were transduced by lentiviruses expressing mCherry (red) and shRNA against canine PALS1. mCherryexpressing cells are considered virus-transduced, PALS1 knockdown cells. Virus-transduced cells were cultured in Matrigel for cystogenesis. Cysts were fixed and stained with Alexa 488-conjugated phalloidin (green) and DNA dye (blue). (C and D) Quantification of the cysts with abnormal lumen formation in A and B, respectively. Values are mean ± SD from three independent experiments (n > 100 for each group). *P < 0.01, **P < 0.001.
neither of the PALS1 mutants localized properly, and both caused defective cystogenesis when expressed in MDCK cells. In contrast, expression of WT-PALS1 had little impact on proper cyst formation ( Fig. 5 A and C) . Additionally, lentivirus-mediated stable knockdown of endogenous PALS1 in MDCK cells led to cystogenesis defects, which could be fully rescued when shRNA-resistant WT-PALS1 was expressed (Fig. 5 B and D) . In contrast, depletion of endogenous PALS1 in cells expressing either of the PALS1 mutants induced more severe defects in cystogenesis characterized by a significantly higher portion of cysts containing multiple lumens (Fig. 5  B and D) . The above data confirm that the integral PSG structural supramodule of PALS1 is essential for its function in apical-basal cell polarity in the MDCK model. MAGUKs are a large family of scaffold proteins that play essential roles in cell-cell communications, cell-polarity maintenance, synaptic formation, and cellular signal transductions (36, 37) . All MAGUKs, except for MAGI, contain a PDZ-SH3-GK core element (Fig. 6A) , raising a possibility that the three domains in the tandem may function synergistically in binding to their respective targets (34, 38, 39) . Earlier, the SH3 domain of ZO1-PSG had been shown to enhance the PDZ domain-mediated binding to connexin45 (34) . However, the interaction between PDZ and SH3 in ZO1 is totally different from that in PALS1 (Fig. S5 ). As such, ZO1-SH3 has very limited contact with the connexin45 PBM using its βB′/C′ loop, instead of the intimate involvement of PALS1-SH3 in binding to Crb-PBM using its βA′/B′ loop ( Fig. S5 C and D) . Accordingly, the interaction between ZO1-PSG and the connexin45 tail is very modest [K d of ∼8 μM (34)]. By aligning the PSG-containing MAGUK proteins, we found that the residues forming the PDZ-SH3 interface in PALS1 are conserved in MPPs, CASK, and DLG1-4 ( Fig. 6B and Fig. S6 ), raising a possibility that these MAGUKs may also use their respective PSG tandem to interact with targets. To test this possibility, we compared the binding of the isolated PDZ and the PSG tandem of CASK in binding to the C-terminal tail of neurexin, a reported presynaptic target of CASK (40) . Interestingly, the isolated CASK-PDZ has no detectable binding to the neurexin tail. In contrast, the CASK-PSG binds to the neurexin tail with a K d of ∼0.7 μM (Fig. 6C) . The above data provide another example showing the critical role of the PSG tandem of a MAGUK in specifically binding to its target, although the mechanistic details of the interaction remain to be elucidated.
Although several MAGUKs such as MPPs, CASK, and DLGs may share similar structural mechanisms in their PDZ-SH3 couplings, the amino acid residues involved in target binding (e.g., the residues in their βA′/B′ loops) do not completely overlap (Fig. 6B) . Thus, the PDZ-SH3 duals of these MAGUKs are likely to have target-binding specificities. Indeed, replacing a 4-residue fragment ("CREL") in the βA′/B′ loop of PALS1 SH3 with the corresponding sequence ("SQ") from DLG-SH3 (Fig.  6B) caused an ∼100-fold affinity decrease of PALS1-PSG's binding to Crb-CT [denoted PSG("SQ") in Fig. 3C ]. Thus, formation of the PSG supramodule not only enhances affinities but can also increase specificities for MAGUKs in recognizing their respective targets. Discussion PDZ domain proteins as well as their targets are highly abundant both in their numbers and quantities in metazoans. Frequent enrichment of PDZ proteins and their targets in constricted regions of cellular processes such as polarized membrane domains and cell-cell junctions often results in their coexistence in a confined space with high concentrations. Most of the reported PDZ domain and target interactions in vitro are of modest affinity and specificity (ref. 29 and references therein). If such promiscuous PDZ-target interactions were also to occur in vivo and also considering that many PDZ proteins contain multiple PDZ domains, one would expect that the PDZ proteinmediated complex assemblies/networks would be highly interconnected and messy. Obviously, such "glue"-style PDZ-target interactions should not be the real picture in living cells. Consistently, numerous in vivo studies have revealed that PDZ domain proteins often form very specific functional complexes. The best examples are perhaps the three master cell-polarity regulatory complexes: Crb-PALS1-PATJ, PAR3-PAR6-aPKC, and DLG-Lgl-Scribble. Each of the three complexes contains multiple PDZ domains, and yet the PDZ domains of these complexes have to bind to distinct targets to fulfill their distinct roles in cell polarity. We demonstrate here that the PDZ domain of PALS1 physically interacts with its connected SH3/GK domains to form a structural supramodule, providing a platform for PALS1's functional partner Crb to bind with high specificity and affinity (K d of ∼70 nM) over other reported binders such as the PAR6 C-terminal tail (K d of a few micromolar) (41, 42) . We further demonstrate that another MAGUK, CASK, also requires its PSG tandem to bind to its partner neurexin. In general, it is perhaps the norm rather than the exception that a PDZ domain often functions together with its extension sequences or neighboring domain(s) to engage its specific target(s) in living cells (29) .
In addition to its determinant role in apical-basal cell polarity, the Crb complex has also been shown to interact with the Hippo pathway to regulate cell growth (16) (17) (18) . It is interesting to note that the FBM of Crb-CT is completely spared from the Crb-PALS1 complex (Fig. 3) . Thus, in theory, the Crb complex can directly engage the Hippo signaling pathway via Crb-CT. It has been reported that the FERM domain-containing protein Expanded functions as a mediator between Crb and the Hippo pathway in Drosophila (17). However, mammals do not contain the Expanded counterpart (43) . Identification of the partner of Crb-FBM in mammals will be important to connect the two pathways regulating cell growth and cell polarity. Crb-CT may function as a switch for these two distinct but closely related cellular processes.
Materials and Methods
All proteins used in this study were expressed in Escherichia coli BL21(DE3) and purified by affinity chromatography followed by size-exclusion chromatography. Crystals were obtained by the hanging drop vapor diffusion method at 16°C. An extended methods section describing protein preparation, crystallization, structure determination, and cell biology and biochemical assays can be found in SI Materials and Methods.
